We investigate the atomic hydrogen adsorption on Mg(0001) by using density-functional theory within the generalized gradient approximation and a supercell approach. The coverage dependence of the adsorption structures and energetics is systematically studied for a wide range of coverage Θ (from 0.11 to 2.0 monolayers) and adsorption sites. In the coverage range 0<Θ<1.0, the most stable among all possible adsorption sites is the on-surface fcc site followed by the hcp site, and the binding energy increases with the coverage, thus indicating the higher stability of on-surface adsorption and a tendency to the formation of H islands (clusters) when increasing the coverage within the region 0<Θ<1.0. The on-surface diffusion path energetics of atomic hydrogen, as well as the activation barriers for hydrogen penetration from the on-surface to the subsurface sites, are also presented at low coverage. At high coverage of 1.0<Θ≤2.0, it is found that the coadsorption configuration with 1.0 monolayer of H's residing on the surface fcc sites and the remaining (Θ−1.0) monolayer of H's occupying the subsurface tetra-I sites is most energetically favourable. The resultant H-Mg-H sandwich structure for this most stable coadsorption configuration displays similar spectral features to the bulk hydride MgH 2 in the density of states. The other properties of the H/Mg(0001) system, including the charge distribution, the lattice relaxation, the work function, and the electronic density of states, are also studied and discussed in detail. It is pointed out that the H-Mg chemical bonding during surface hydrogenation displays a mixed ionic/covalent character.
I. INTRODUCTION
The interaction between the hydrogen and the magnesium has long received many experimental [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14] and theoretical [14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26] concerns, especially due to the fact that hydrogen is the best candidate of clean fuel in the future and Mg is an important potential hydrogen storage material. One key blockade to prevent Mg from practical application in hydrogen storage is its high reaction temperature and kinetic barrier for hydrogenation and dehydrogenation [27] . However, recent systematic experiments [1, 2, 3, 14, 19] have shown that the hydrogen reaction kinetics can be prominently improved by adding transition elements (such as Ni, Ti) as catalyst in the magnesium hydride (MgH 2 ). Along this line many interesting phenomena have been found, for example, it has been shown that alloying Mg with Ni can weaken the bonding between H and Mg atoms and thus favor H 2 adsorption/dissociation process.
On the other hand, a thorough understanding of the atomic H adsorption on the Mg surface from basic quantum-mechanical viewpoint is still lacking, although some scarce theoretical [14, 15, 16, 17, 18] and experimental [10, 11, 12, 13, 14] data have been existed in previous reports. In particular, the coverage dependence of the Mg-H bonding properties is highly interesting but remains yet to be fully studied. Motivated by this observation, in this paper, we present a first-principles study by systematically calculating the coverage dependence of atomic hydrogen structures on the Mg(0001) surface and subsurface in a variety of coverage range from 0.11 to 2.0 monolayer (ML). Through these energetics calculations, we analyze and discuss the atomic hydrogen adsorption structures, the Mg-H chemical bonding properties, and the surface diffusion and penetration energetics of atomic hydrogen on Mg(0001). By comparing the binding energies and the adsorption behavior at different coverages, we obtain the saturation coverage of 1.0 ML on surface and find the spontaneously relaxed H-Mg-H sandwich structure at the coverage larger than 1.0 ML. On the whole, our present systematic first-principles study provides a detailed enlightening information of the incipient hydrogenation of Mg(0001).
The rest of this paper is organized as follows: In Sec. II, we describe our first-principle calculation method and the models used in this paper. In Sec. III, we present in detail our calculated results, including the on-surface and subsurface H adsorption energies in a wide range of coverage, the structures and properties of the H-Mg bonds, and the surface diffusion and penetration energetics. At last, the conclusion is given in Sec. IV.
II. COMPUTATIONAL METHOD
The first-principles calculations based on the density functional theory (DFT) are performed using the Vienna ab initio simulation package [28] (VASP) with the projectoraugmented-wave (PAW) pseudopotentials [29] and plane waves. The plane-wave energy cutoff was set to 250 eV. The so-called repeated slab geometries are applied. This scheme consists of the construction of a unit cell of an arbitrarily fixed number of atomic layers identical to that of the bulk in the plane of the surface (defining the bidimensional cell), but symmetrically terminated by an arbitrarily fixed number of empty layers (the "vacuum") along the direction perpendicular to the surface. In the present study, the clean Mg (0001) surface is modeled by periodic slabs consisting of nine magnesium layers separated by a vacuum of 20Å, which is found to be sufficiently convergent [20] . The hydrogen atoms are adsorbed on both sides of the slab in a symmetric way. During our calculations, the outermost three magnesium layers, as well as the H atoms, are allowed to relax while the central three layers of the slab are fixed in their calculated bulk positions. If not mentioned differently we have used a (15×15×1) k-point grid for the p(1 × 1) surface cell, (9×9×1) k-point grid for the p( √ 3 × √ 3) and p(2 × 2) cells, and (7×7×1) k-point grid for the p(3 × 3)
cell, with Monkhorse-Pack scheme [30] . Furthermore, the generalized gradient approximation (GGA) of Perdew et al. [31] for the exchange-correlation potential is employed. A Fermi broadening [32] of 0.02 eV is chosen to smear the occupation of the bands around E F by a finite-T Fermi function and extrapolating to T =0 K.
In the present paper, the calculations for hydrogen atoms in the seven adsorption sites, including on-surface (top, hcp, fcc, and bridge) and subsurface (tetra-I, tetra-II, and octa) sites depicted in Fig. 1 , have been performed for coverage ranging from 0.11 to 2.0 ML.
Specially, the hydrogen coverage of 0.11 ML and 0.33 ML are calculated using p(3 × 3)
surface unit cell, while the coverage of 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75 and 2.0 ML are calculated in the p(2 × 2) surface cell. The on-surface top and bridge adsorption sites are found to be unstable by the fact that the hydrogen atom initially located on these two sites will always move to the fcc site after relaxation. The subsurface tetra-I site at low coverage is also found to be unstable against the relaxation. Actually, the H atom placed on this subsurface site will penetrate upward to a surface site after relaxation. Thus in this paper, most of the on-surface adsorption studies are focused on the fcc and hcp sites, while for the subsurface adsorption, the tetra-II and octa sites are mainly considered.
One central quantity tailored for the present study is the average binding energy of the adsorbed hydrogen atom defined as
where N H is the total number of H adatom present in the supercell at the considered coverage Θ (we define Θ as the ratio of the number of adsorbed atoms to the number of atoms in an ideal substrate layer). E H/Mg(0001) , E Mg(0001) , and E H are the total energies of the slabs containing hydrogen, of the corresponding clean Mg(0001) slab, and of a free (spin polarized) hydrogen atom, respectively. Thus a positive value of E b indicates that the adsorption is exothermic (stable) with respect to a free H atom and a negative value indicates endothermic (unstable) reaction. On the other hand, since in most cases, the hydrogen chemisorption process inevitably involves the dissociation of H 2 molecules, thus the adsorption energy per hydrogen atom can alternatively be referenced to the energy which the H atom has in the H 2 molecule by subtracting half the dissociation energy D of the H 2 molecule,
With this choice of adsorption energy, then a positive value indicates that the dissociative adsorption of H 2 is an exothermic process, while a negative value indicates that it is endothermic and that it is energetically more favorable for hydrogen to be in the gas phase as H 2 . [33, 34] . The orbital-resolved electronic density of states (DOS)
per atom for the bulk Mg is shown in Fig. 2(a) with the Fermi energy set at zero. The two broad peaks correspond to Mg 3s and 3p states, which are heavily mixed each other near the Fermi energy. This s-p orbital mixing results from the characteristic hcp structure of bulk Mg in its ground state. In addition, the distribution form of the total DOS in a wide energy range of −5.0 eV<E<4.0 eV can be nearly considered as a function of E 1/2 , which is also a typical feature of the sp-hybrid simple metals.
The calculation for the atomic relaxations of the clean surface with 1×1,
and 3×3 periodicities provides not only a test of the clean surface with different cell sizes, but is also used to evaluate the charge density difference used later and assess the changes in the work function by hydrogen adsorption. Our clean-surface calculation shows that the two outermost Mg(0001) layers relax significantly from the bulk values. The first-second interlayer expansion is nearly 2% and the second-third interlayer expansion is about 0.58%, which compares well with recent first-principles results [18, 23] . Note that the first interlayer separation on most metal surfaces is contracted. From this aspect, Mg(0001) is an anomalous example showing the outermost interlayer expansion, which has been proved and interpreted by Staikov et al. [21] . The calculated charge density n(r) (not depicted here) of the clean
Mg(0001) surface shows that similar to the other typical metal surfaces [35] , there is a rapid variation in n(r) in the surface interstitial region, with n(r) falling off sharply in magnitude toward the vacuum and soon "healing" the discrete atomic nature. This sizable charge redistribution near the surface is associated with the formation of the (uniform) surface dipole layer, which sensitively determines the work function. As one knows, the surface calculation requires enough k-point meshes, efficient energy cutoff, the correct model, and the other details to be the minimum numerical errors. To test the convergency of the physical properties of the clean Mg(0001) surface, we have calculated the surface energy E s and the work function Φ of the clean Mg(0001) slabs by using different models with various k-point meshes. The results are listed in Table I , from which it reveals that the influences to the surface energetics from using different models are negligibly small. To First, we focus our attention to the hydrogen adsorption in the coverage regime 0<Θ≤1.0.
Keeping in mind the above-mentioned fact that the on-surface top and bridge, as well as the subsurface tetra-I site, is unstable for H adsorption in this coverage regime, our systematic calculations have been carried out for the remaining four high-symmetry adsorption sites,
i.e., the on-surface fcc and hcp sites, together with the subsurface tetra-II and octa sites. The calculated binding energies E b of H on these four on-surface and subsurface sites, with respect to the free atomic hydrogen, are illustrated in Fig. 3 and summarized in Table II for different hydrogen coverage in the regime 0<Θ≤1.0. One can see that the binding energy for the onsurface adsorption is always larger than for the subsurface adsorption. Thus, in the coverage regime 0<Θ≤1.0 the hydrogen on-surface adsorption is more energetically favourable than the subsurface adsorption, which indicates that the ad-H's will not spontaneously penetrate into the subsurface in the case of pure on-surface adsorption. For the on-surface adsorption the fcc site is more stable than the hcp site, while for the subsurface adsorption the octa site is more favourable than the tetra-II site. Also, one can see from the present calculations predict that in the whole coverage range we considered in this subsection, the atomic hydrogen on-surface (as well as subsurface) adsorption is stable.
In addition, interestingly, the binding energy difference between the on-surface fcc and hcp sites, as well as between the subsurface octa and tetra-II sites, displays a noticeable increases with hydrogen coverage, which implies a substrate-induced anisotropy in the hydrogen-metal chemical bonding. Note that the changes of the binding energy E b from 0.11 to 0.25 ML is not well linear with the coverage and the markable deviation occurs at 0.33 ML. This is a result of the effective interaction between the surface adsorbates.
To further clarify our observation that the hydrogen adsorbates tend to form clusters on the Mg(0001) surface at 0<Θ<1.0, here as one typical example, we consider two kinds of arrangements for H fcc adsorbates at the same coverage Θ=0.33. These two adsorbate We turn now to analyze the electronic properties of the H/Mg(0001) system by first considering the work function Φ, which is plotted in Fig. 5 and summarized in Table II for different hydrogen coverage. For the clean Mg(0001) our calculated Φ has a typical value of 3.728 eV, which is well comparable to the previous calculations. From Fig. 5 , it can be seen that the work function steadily decreases (within a relatively small variation range) with H coverage for both on-surface and subsurface adsorption. On the whole, the variation amplitude of the work function is relatively small, which can be associated with the small adsorption distance for the H species. The decreasing linetype and amplitude of Φ shown in Fig. 5 as a function of Θ depend on the adsorption configuration. For the on-surface adsorption, one can see that the work function for the hcp adsorption is always lower than that for the fcc adsorption, and their difference increases with Θ, which means that the surface charge polarization effect is more prominent for the hcp adsorption than for the fcc adsorption in the whole coverage considered. For the subsurface adsorption, In a similar manner, the octa-adsorbed work function is always lower than that for the tetra-II adsorption, and their difference also increases with Θ. Interestingly, with increasing the hydrogen coverage, the value of work function for the on-surface fcc adsorption approaches As an example, the inset shows the planar-averaged electrostatic potential of clean Mg(0001) slab, with the Fermi energy set at zero.
to have the same value as that for the subsurface octa adsorption.
To gain more insight into the nature of Mg-H bonding during the hydrogen adsorption Mg sp electrons transfer to the localized H 1s orbital, implying that ionicity of the Mg-H bonding increases with hydrogen coverage, and (ii) not only the topmost but also the second Mg atomic layer is prominently influenced by increasing the hydrogen coverage, which can be clearly seen by the charge redistribution shown in Fig. 6(b) . On the other hand, there is also a weak but important covalent component in Mg-H chemical bonding (see Fig. 7 below for details). The unique signiture of this covalency occurred in Fig. 6 is the orientation of Another fact shown in Fig. 6 is that like the other hydrogen/metal systems, the influence of the adsorbed Mg(0001) surface is rapidly screened out on going into the bulk. The bonding character of the inner Mg layers (from the second layer for Θ=0.25 and from the third layer for Θ=1.0) is essentially identical to the bulk case, which is typically metallic with a fairly constant charge density between the atoms with slight directional bonding along the body diagonals. This can be clearly seen in Fig. 6 which shows negligibly small changes in the interior of the nine-layer Mg slab at both low (Θ=0.25) and high (Θ=1.0) coverage. this state-transfer toward more lower energy in increasing adsorption coverage will gain the energy, which overcompensates the energy that is costed by the elevation of the H 1s state when increasing adsorption coverage. The net result is that the adsorption of the on-surface H fcc at Θ=1.0 is more stable than at Θ=0. 25 , as has been shown in Fig. 3 .
After clarifying the chemical bonding properties for the most stable hydrogen adsorption configuration, i.e., the on-surface fcc site, we turn now to study the diffusion energetics of the H adatom when it undergoes the in-plane diffusion and the inter-plane penetration (from surface to subsurface). Diffusion of atomic hydrogen after on-surface dissociation of H 2 is an elementary process during the surface hydrogenation process. Also, the hydrogen diffusion plays an important role in understanding many catalytic reaction. Here, by using the DFT total energy calculation, we report our numerical results of the energy barriers for atomic H diffusion and penetration in the H/Mg(0001) system.
Using the nudged elastic band (NEB) method, which will find the saddle points and minimum energy paths on complicated potential surface, we have calculated the surface diffusion-path energetics of atomic hydrogen. The results at Θ=0.25 and Θ=1.0 are shown in Fig. 8(a) . Note that during calculation the number of atoms keeps invariant. Thus it also reveals in Fig. 8 (a) the relative stability of H adsorption among various on-surface sites and the corresponding hydrogen binding energy differences. Our calculated diffusion barrier from fcc to hcp site is 0.33 eV at Θ=0.25 and 0.18 eV at Θ=1.0. The hcp site is less stable than the fcc site within the coverage 0<Θ≤1.0. Thus the on-surface diffusion barrier from hcp to fcc site presents an activation barrier with the value of 0.30 eV at Θ=0.25 and 0.08 eV at Θ=1.0. Therefore, we find that both the diffusion barrier from fcc to hcp site and activation diffusion barrier from hcp to fcc site is greatly decreased with coverage, which implies that at the coverage close to Θ=1.0, the H/Mg(0001) surface at low temperature may display a mixed (disordered) phase that while the fcc sites are mainly occupied, there exist a small amount of ad-H's residing on the hcp sites due to thermal diffusion. On the other hand, the penetration-path energetics of surface ad-H's to the subsurface sites also sensitively depends on the coverage. Since the most favourable on-surface and subsurface adsorption sites are the fcc and octa sites respectively, also since there is no geometric obstacle between the neighboring fcc and octa sites, it is natural to speculate that at low temperature, the ad-H's on the surface fcc sites may penetrate to the neighboring subsurface octa sites through overcoming a relatively low barrier in the coverage range 0<Θ≤1.0. Thus, here we consider the energetics of this H penetration path. For this purpose, we fully relax the topmost three Mg layers step by step to search for the transition state with high energy.
The calculated penetration path and the energy barrier from the on-surface fcc to subsurface octa site at two coverage (Θ=0.25 and Θ=1.0) is shown in Fig. 8(b) , in which the horizontal coordinate indicates the penetration distance of the H atom with respect to the topmost Mg layer. At the low coverage of Θ=0.25, the calculated barrier for fcc→octa penetration is as large as 0.45 eV. The transition state, i.e., the atomic geometry of the energy maximum in the penetration path, correspond to the hydrogen atom in the surface Mg layer. When the coverage is increased to Θ=1.0, as shown in Fig. 8(b) , it is surprisingly found that the barrier is further increased to 0.75 eV. This is unlike the case of surface diffusion shown in Fig. 8(a) , in which the energy barrier is weakened by increasing the adsorption coverage.
Therefore, in contrast with one's intuitive expectation, our calculated results in Fig. 8(b) shows that the probability of low-temperature interlayer penetration is negligibly small in the coverage range 0<Θ≤1.0.
C. Atomic hydrogen adsorption at 1.0<Θ≤2.0
From above discussions, one can see that in the coverage range 0<Θ≤1.0, the most stable adsorption site for H/Mg(0001) system is the on-surface fcc site. To penetrate into the interior of the magnesium substrate, the hydrogen adatom has to overcome a large- fcc and hcp sites are more stable than the subsurface tetra-II and octa sites. Then, the total-energy relaxation calculation is carried out in the same manner as that in the above discussion. After atomic relaxation, prominently, we find that the H atoms initially placed on the surface hcp sites spontaneously move to the subsurface tetra-I site [see Even more interestingly, we find that this coadsorption of both on-surface and subsurface sites is energetically more favourable than the pure on-surface or subsurface adsorption.
This can be seen from Table IV, Mg(0001) atomic layers. Because of this large interlayer expansion one can speculate that this H-Mg-H sandwich structure is a precursor in the process of H-induced embrittlement and ablation of Mg(0001). Needless to say, larger interlayer expansion costs more energy, which will counteract the formation of H/Mg(0001) structures of more higher coverage. This statement is supported by the result shown in Table IV that the binding energy E b arrives at its maximum at Θ=1.5. Based on this observation, in this paper we do not consider the coverage region of Θ>2.0.
To help understand the hydrogenation of Mg(0001), which is characterized by the occurrence of surface hydride, it is instructive to compare the electronic properties of the present H-Mg-H sandwich structures and the bulk hydride MgH 2 . For this we have calculated the ground-state properties of the bulk MgH 2 with rutile structure. Our optimized lattice parameters and internal coordinate parameters are in good agreement with the experimental data [16] . Then, we calculate and plot in Fig. 10(a) the energy distance between these two peaks is also very comparable for the two cases. The band charge distribution around these two H 1s peaks (not shown here) also reveals the similarity between the two cases. Therefore, we expect that it is possible to form on Mg(0001) the surface hydride with the similar chemical stoichiometry as the bulk MgH 2 . From this perspective we can see that Mg(0001) is a good case for studying the hydrogenation (and dehydrogenation) performance.
IV. CONCLUSION
In summary, we have systematically investigated the adsorption of atomic hydrogen on Mg(0001) surface and subsurface, as well as the energy barriers for atomic H diffusion and penetration in these systems through first-principles DFT-GGA calculations. We have considered a wide range of coverage from 0.11 to 2.0 ML by using different surface models [i.e., p(3×3), p(2×2), p( √ 3× √ 3) and p(1×1) surface unit cells] for adsorption in the onsurface fcc and hcp sites, as well as in the subsurface tetra-I, tetra-II, and octa sites. In the coverage range 0<Θ≤1.0, the most stable among all possible pure adsorbed sites, as well as coadsorbed sites, is the on-surface fcc site, followed by the hcp site. The atomic geometry, the work-function change, the charge density distribution, and the electronic structure upon the H adsorption have also been studied, which consistently show the fundamental influence by the ionic as well as covalent bonding between the H adatom and surface Mg atoms.
Remarkably, this influence in the energetics is increased with increasing the H coverage, which is highly interesting. For instance, the increase in the H binding energy for the fcc or hcp site with Θ in the low coverage range (0<Θ<1.0) implies the effective attraction between the H adsorbates, which will make it favourable for the formation of the hydrogen island or cluster at low coverage less than one monolayer. It should be stressed that the 1×1 H island is unfavourable because of the electrostatic H-H repulsion. Furthermore, in the low coverage region 0<Θ≤1.0 we have also calculated the surface diffusion as well as surface-tosubsurface penetration path energetics. For the on-surface diffusion, it has been found that the fcc and hcp sites are the two local minima, while the bridge is saddle point along the diffusion path. The activation barrier for the surface diffusion from hcp to fcc site is 0.30 eV at Θ=0.25 and 0.08 eV at Θ=1.0, implying that with increasing the hydrogen coverage in the region 0<Θ≤1.0, the surface diffusion tends to be more easier. On the contrary, the activation barrier for the penetration from the on-surface fcc to the subsurface octa site is largely increased with increasing the hydrogen coverage. Thus, we have found that although the octa site is most stable for the pure subsurface adsorption, it is actually very hard to be reached at for H adatoms after dissociation of H 2 on Mg(0001) surface. This fact, together with the observation that the binding energy for the most stable on-surface fcc site does not saturate at 0<Θ≤1.0, has motivated us to study hydrogen adsorption properties at more higher coverage of 1.0<Θ≤2.0.
In the coverage range 1.0<Θ≤2.0 and starting with the initial adsorption configurations that 1.0 ML of H's are placed on the surface fcc sites and (Θ−1.0) ML of H's are placed on the surface hcp sites, we have found that after atomic relaxation, while the fcc H's keep the same sites, the hcp H's however undergo spontaneous penetration to the subsurface tetra-I sites, which are otherwise the unstable sites for the pure subsurface adsorption. This spontaneous penetration phenomenon is ascribed to the strong electrostatic H-H repulsion at 1.0<Θ≤2.0.
More interestingly, this final coadsorption configuration with 1.0 ML of H's residing on the surface fcc sites and the remaining (Θ−1.0) ML of H's occupying the subsurface tetra-I sites is believed to be the most stable coadsorption configuration, after having compared its formation energy to those of a large number of other coadsorption configurations. In addition, the resultant H-Mg-H sandwich structure for this most stable coadsorption configuration has been shown to display similar DOS spectral features to the bulk hydride MgH 2 .
Thus, we believe the present calculated results may greatly help understand the incipient hydrogenation of Mg(0001) surface.
